Introduction {#sec1}
============

Phoria adaptation refers to a phenomenon that occurs when a person performs a sustained visual task that creates stress on the accommodative/convergence system. Phoria adaptation reduces the effort exerted by the disparity vergence system to maintain fusion. Binocular vision dysfunctions such as convergence insufficiency are generally defined by an abnormal relationship between the magnitude of the phoria and the compensating fusional vergence ([@bib70]). In addition, abnormal phoria adaptation has been suggested as a potential contributing factor to binocular dysfunctions such as convergence insufficiency ([@bib12]; [@bib13]; [@bib72]). Numerous studies have investigated how the phoria level changes throughout the day ([@bib33]; [@bib37]). After near sustained fixation, such as while reading or working on electronic devices, the phoria becomes more esophoric. Conversely, after distance viewing, the phoria becomes more exophoric. Researchers have developed several paradigms to evaluate phoria adaptation. The phoria can be adapted using sustained visual fixation ([@bib32]; [@bib41]; [@bib42]; [@bib48]), visual stimulation through the use of prisms ([@bib12]; [@bib13]; [@bib71]), or visual stimulation through the use of lenses ([@bib35]; [@bib75]; [@bib76]).

Several areas of research suggest that the cerebellar cortex is one neural substrate that mediates phoria adaptation and oculomotor learning ([@bib10]; [@bib67]), as well as procedural learning ([@bib55]). Animal studies in rabbits, cats, and primates support the idea that the oculomotor vermis, which is comprised of the cerebellar vermal regions VI and VII, is partially responsible for the mediation of phoria adaptation ([@bib54]; [@bib79]). Researchers report that patients with cerebellar atrophy and dysfunction exhibit little or no phoria adaptation while using prisms ([@bib54]; [@bib68]). Numerous studies support the suggestion that cerebellar dysfunctions are commonly observed in developmental dyslexia ([@bib21]; [@bib59]; [@bib78]; [@bib82]; [@bib83]). Several investigations have reported dyslexic readers with deficits in vergence and other oculomotor function ([@bib16]; [@bib17]; [@bib40]; [@bib49]; [@bib64]). In addition, studies on strabismic patients also suggest dysfunction in the cerebellum ([@bib25]; [@bib66]). Collectively, these lines of research indicate that the cerebellum is part of the neural circuit needed to mediate vergence eye movement function. Functional magnetic resonance imaging (fMRI) is a research tool that could be used to determine the neural substrates of phoria adaptation in normal control participants. A functional MRI investigation studying the impact of the accuracy of finger pointing when viewed through a prism reported that the dentate nucleus and cerebellar cortex, specifically the vermis, are significantly active during the early stage of motor learning ([@bib46]). A recent review paper observed that the cerebellum has a major role in motor learning and error correction ([@bib10]), but its role within phoria adaptation is not completely understood.

A present gap in the literature is an understanding of the full neural circuit used to mediate phoria adaptation. This understanding is important because phoria adaptation has been shown to differ significantly between those with normal binocular vision and those with impairments in binocular vision, such as patients with convergence insufficiency ([@bib12]; [@bib61]). Such knowledge may lead to novel methods that target specific neural circuits to improve visual function in patients with binocular dysfunction who have been shown to have reduced phoria adaptation compared to age-matched control participants. In addition, if phoria adaptation is to be used as an outcome measure for future randomized clinical trials, then it is important to determine the reliability of any assessment protocol used to investigate phoria adaptation.

Currently, a gap in the literature is the lack of reliable information about the regions of interest (ROIs) that are recruited during a sustained visual task known to evoke phoria adaptation. In addition, the reliability of fMRI assessment during a phoria adaptation task measured on different days is unknown. Quantifying the reliability of an fMRI experimental protocol is critical if phoria adaptation is to be used as an outcome measure for future randomized clinical trials. The research goals of this study of healthy young adults with normal binocular vision were to establish which ROIs are functionally active during a phoria adaptation task that utilizes sustained visual fixation and to assess the reliability of a stimulus-induced phoria adaptation task during a functional MRI experiment. The study tested the hypothesis that phoria adaptation will stimulate functional activity within the vergence network, where the primary functional activation is proposed to reside within the cerebellar oculomotor vermis.

Methods {#sec2}
=======

Participants {#sec2-1}
------------

A total of 29 young adult participants with normal binocular vision who were between the ages of 18 and 35 years (21.7 ± 3.3 years; five females) were studied. All participants signed written informed consent approved by the New Jersey Institute of Technology and the Rutgers University Institutional Review Boards in accordance with the tenets of the Declaration of Helsinki. All potential participants had a comprehensive eye examination to determine study eligibility. To be eligible for the normal binocular vision group, participants were assessed by an optometrist (one of the authors, MS) and met the eligibility and exclusion criteria described in [Table 1](#tbl1){ref-type="table"}.

###### 

Eligibility criteria for normal binocular vision (NBV).

  Normal binocular vision eligibility criteria
  -----------------------------------------------------------------------------------------------------------------
  Age 18 to 35 years
  Convergence Insufficiency Symptom Survey score \< 21
  Distance phoria: 2∆ esophoria to 4∆ exophoria
  Near phoria: 2∆ esophoria to 6∆ exophoria
  Normal near point of convergence of \<6 cm break
  Normal positive fusional vergence (PFV) at near (i.e., passing Sheard\'s criterion or PFV ≥ 15∆ base-out break)
  Normal amplitude of accommodation (minimum of 15-1/4 × age)
  Best-corrected distance visual acuity of 20/25 or better in each eye
  Local random dot stereopsis appreciation of 70 seconds of arc or better
  Did not use a biprism or plus add lens at near for 2 weeks prior to study
  Normal binocular vision exclusion criteria
  Strabismus
  Vertical heterophoria ≥ 2∆ at distance or near
  ≥ 2 line interocular difference in best-corrected visual acuity           
  Manifest or latent nystagmus
  History of strabismus surgery or refractive surgery
  History of head trauma or known disease of the brain
  History of diseases known to affect accommodation, vergence, or ocular motility
  Inability to comprehend and/or perform any study-related test

Eligibility eye examination {#sec2-2}
---------------------------

The eligibility eye examination included administration of the Convergence Insufficiency Symptom Survey (CISS) to identify whether or not the participant was symptomatic ([@bib9]; [@bib19]). Other eligibility tests included best-corrected visual acuity at distance and near; a sensorimotor examination that included a cover test at distance and near, near point of convergence, positive and negative fusional vergence at near (prism bar and a held 20/30 vertical line of letters as a target), vergence facility (12∆ base-out, 3∆ base-in prism) at distance and near, and near stereoacuity (Randot Stereotest); and monocular accommodative amplitude (20/30 target) using a Gulden Near Point Rule (Gulden Ophthalmics, Elkins Park, PA). Full details are described in a prior publication ([@bib5]).

Experimental setup to acquire functional brain images {#sec2-3}
-----------------------------------------------------

Anatomical and functional brain images were acquired using a Siemens 3T Trio scanner (Siemens Medical Solutions, Parkway Malvern, PA) located in the Rutgers University Brain Imaging Center of Rutgers University (Newark, NJ). A 12-channel head coil was used for all of the participants to scan a full brain volume. A schematic of the equipment used during the experiment is shown in [Figure 1](#fig1){ref-type="fig"}A. Monocular eye position was acquired using an EyeLink 1000 system (SR Research, Kanata, ON, Canada) with a sampling rate of 250 Hz to ensure that the participants performed the visual tasks as instructed ([@bib31]). Binocular visual position was not available during these scanning sessions because the instrument for binocular recording obstructed visual sight for other experiments. The participants were aligned symmetrically on the gantry within the bore of the magnet. Within the head coil was an inclined mirror facing the posterior end of the bore of the magnet.

![(A) Experimental setup within the MRI scanner room. The participant lies on the gantry within the bore of the magnet and observes the screen through a mirror placed along the top of the head coil. (B) Timing sequence of the phoria adaptation task. The stimuli began with a near crossed sustained convergence visual stimulus for 90 seconds followed by a far uncrossed sustained visual stimulus for 90 seconds, a process that was repeated three times for a total of 540 seconds. (C) Visual stimulus presentation for the near crossed and far uncrossed sustained fixation task. (D) Visual stimulus timing sequence that alternates between near crossed and far uncrossed visual sustained fixation.](jovi-20-8-17-f001){#fig1}

A projector was placed in the back of the room so that the participant could view the visual stimuli through a mirror located on the headcoil. The distance between the screen and the participant\'s eyes was 87.5 cm. The screen dimensions were 36 cm for the width and 20.5 cm for the height. The screen was configured at 1920 × 1080-pixel resolution and a 60-Hz refresh rate. Visual stimuli were generated and presented using MATLAB (MathWorks, Natick, MA) and Psychtoolbox ([@bib11]) on a personal computer located in the MRI control room.

Eye position on the EyeLink was calibrated at the beginning of the scan by asking the participant to move his or her eyes toward five predetermined positions established by the manufacturer: upper left and right, center, and lower left and right portions of the liquid-crystal display screen. Such calibration allowed the conversion to angular rotation of the eye in degrees.

Behavioral phoria adaptation experiments within the laboratory {#sec2-4}
--------------------------------------------------------------

Phoria adaptation was measured prior to the scanning session in the laboratory using the modified Thorington method utilizing the Bernell Muscle Imbalance Measure (MIM) card and Maddox rod (Bernell Corp., Mishawaka, IN). Phoria adaptation measures were recorded in the morning prior to any substantial near work. To establish a baseline, the phoria was measured twice using the flashed modified Thorington/Maddox rod technique ([@bib32]). Specifically, the left eye was occluded for 15 seconds while the Maddox rod was placed in front of the right eye. When the occluder was removed, the participant was asked to verbally specify the location of the vertical red streak on the MIM card while fixating on the central pen light located along the midsagittal plane 40 cm away. Each participant then performed sustained fixation on a 20/30 letter chart placed immediately above the MIM card when looking through a 6∆ base-in prism for 30 seconds. The participant\'s phoria level was then measured once after every 30 seconds of binocular viewing of the 20/30 letter chart through the prism using the same technique described above. Fifteen samples were recorded during the 7-minute experiment for each participant.

Placing a prism in front of one eye stimulates asymmetrical phoria adaptation, as opposed to symmetrical phoria adaptation, which occurs when the prism is equally split between the two eyes (prism flipper). Asymmetrical phoria adaptation has been shown to lead to a faster rate of change compared to symmetrical phoria adaptation ([@bib69]). Hence, an asymmetrical prism adaptation procedure was used in this study. After the 6 base-in phoria adaptation experiment, participants then took a 15-minute break and were instructed to relax their eyes and walk in the hallway after the experiment. After the 15-minute break, two baseline phoria measurements were recorded to determine whether the phoria returned to the original baseline measurements. The phoria adaptation experiment was then repeated using a 6∆ base-out prism. The complete procedure is described in a previous publication ([@bib5]; [@bib69]).

The behavioral phoria adaptation results, recorded outside of the scanner, were fit with an exponential function. The two primary metrics analyzed were the magnitude and the rate of phoria adaptation. The magnitude of phoria adaptation was the difference between the initial shift in phoria and the steady state of the adapted phoria. The rate of phoria adaptation was defined as the magnitude of the phoria adaptation divided by the time constant from the exponential fit of the data.

Phoria adaptation stimuli for fMRI experiment {#sec2-5}
---------------------------------------------

To stimulate phoria adaptation for the functional MRI experiment, sustained fixation was utilized. This method of testing phoria adaptation has been shown to be an effective method ([@bib4]; [@bib18]; [@bib43]; [@bib41]; [@bib42]; [@bib48]) and does not require any physically moving parts. The overall timing sequence is shown in [Figure 1](#fig1){ref-type="fig"}B. The visual stimulus was a set of eccentric squares ([Figure 1](#fig1){ref-type="fig"}C) that stimulate a perception of an object being close to the participant (near visual sustained crossed disparity) or farther from the participant (far visual sustained uncrossed disparity). Prior to the functional imaging experiment, the participants were asked to perform free fusion in the laboratory, where they practiced crossing and uncrossing their gaze. When the participant was able to report the inner eccentric square as floating in front or behind the outer square then the experimenter was confident that the participant was able to perform the visual task. The outer square subtended a vergence angle of 2° by 2°. Our research group has shown that an asymmetrical 6∆ phoria adaptation task has a faster time constant compared to a symmetrical 6∆ phoria adaptation task ([@bib69]). Hence, phoria adaptation was stimulated asymmetrically analogous to the presentation for the behavioral experiments.

A single square centered in the middle of the screen was presented to induce the perception of distance (far uncrossed disparity) for far phoria adaptation. The change in retinal disparity between the near and far visual fixations was analogous to the behavior experiments of 6∆. The mirror was carefully positioned so that the participant did not observe the edge of the projector screen. The set of two eccentric squares was presented to stimulate near crossed phoria adaptation. The phoria adaptation visual sequence consisted of sustained fixation for 90 second durations each repeated for 6 blocks. Because phoria adaptation follows an exponential decay, the greatest change occurs within the beginning portion of the phoria adaptation. The 90-second duration for each block was chosen because the behavioral data showed that the greatest change in phoria occurred within the first 90 seconds of the 7-minute phoria adaptation experiment measured within the lab. Other investigations that have stimulated phoria adaptation for several minutes support the suggestion that the largest change in phoria occurs within the first 90 seconds ([@bib13]; [@bib33]). A total of 270 volumes were collected for the phoria adaptation experiment within the imaging center. The full timing sequence is detailed in [Figure 1](#fig1){ref-type="fig"}D. The task began with a near crossed sustained visual fixation block followed by a far uncrossed visual fixation block, and this sequence was repeated three times.

Scanning protocol {#sec2-6}
-----------------

Imaging data were acquired from participants on two different days. The same acquisition protocol was performed on each visit. During the visit, an anatomical high-resolution image was acquired using a magnetization-prepared rapid acquisition gradient echo (MP-RAGE) sequence as a reference volume (repetition time \[TR\] = 1900 ms; 176 slices; echo time \[TE\] = 2.52 ms; inversion time \[TI\] = 900 ms; flip angle = 9°; field of view \[FOV\] = 256 mm; voxel size = 1 mm^3^). The fMRI acquisition used an echo planar imaging (EPI) sequence (TR = 2000 ms; TE = 13 ms; flip angle = 90°; FOV = 192 mm; voxel size = 3 mm^3^; 53 slices; total of 270 volumes). Simultaneously, with the fMRI data acquisition, the functional sustained visual task used to stimulate phoria adaptation was presented during the 540 seconds.

Image preprocessing {#sec2-7}
-------------------

The EPI functional image dataset from each visit was analyzed using SPM 12 for MATLAB (Wellcome Centre for Human Neuroimaging, London, UK), using the default parameters. The following preprocessing was performed for each EPI functional image dataset independently. All of the volumes within the acquisition were realigned to the first volume. The realignment procedure returns the head motion for the following six directions: *x*, *y*, and *z* movements within a slice, as well as pitch, yaw, and roll movements between slices. Datasets with more than 2 mm of motion between time samples were not further analyzed. The realigned volumes were co-registered to each participant\'s MP-RAGE anatomical dataset.

Following co-registration, each of the MP-RAGE anatomical image datasets was segmented into tissue-probability maps representing white matter (WM) and cerebrospinal fluid (CSF). Binary masks for both WM and CSF were generated from tissue-probability maps using the threshold equal to 97% or greater. These binary masks were used to extract the blood-oxygen-level-dependent (BOLD) fMRI time series from the CSF and WM regions for each participant. Principal component analysis was implemented to extract the five principal components representing CSF and the five principal components representing WM time series using a custom MATLAB function ([@bib8]).

The BOLD fMRI data for each participant were transformed to the Montreal Neurological Institute (MNI152) template, and the functional volume were resampled to a 2-mm isotropic voxel-size using a fourth-degree b-spline interpolation within the SPM12 Normalize function. In order to reduce the effects of movement-related and physiological noise artifacts on task activation, 34 nuisance variables were regressed out from the BOLD fMRI data within the MNI standard space. These nuisance variables were comprised of six movement coefficients (yaw, pitch, roll, *x*, *y*, and *z*), six auto-regression and 12 quadratics ([@bib24]; [@bib86]), first five principal components of the CSF, and the first five principal components of the WM (using CompCorr) ([@bib8]; [@bib73]). The resulting functional volume datasets were high-pass filtered with a cutoff frequency (*f~c~*) equal to 1/256 Hz, or 0.0039 Hz. Each volume was then spatially smoothed with a Gaussian kernel of 6 mm full width at half maximum.

Whole-brain activation map and group level statistics {#sec2-8}
-----------------------------------------------------

A general linear model (GLM)-based approach ([@bib56]) was implemented to derive participant-specific task-based activation maps for the phoria-adaptation task. The task design was composed of 90 seconds of near crossed visual fixation followed by 90 seconds of far uncrossed visual fixation block repeated three times ([Figure 1](#fig1){ref-type="fig"}B). Behavioral studies show that the phoria response exhibits an exponential decay; thus, for the GLM, a delta block of 4 seconds combined with the exponential decay obtained from the behavioral phoria adaptation experiment was utilized. The delta block was convolved with a canonical hemodynamical response function, the double-gamma hemodynamic response function. The functional imaging beta weights were calculated for the delta response using the GLM for each participant. This process was also used to derive the participant-specific functional activation maps for the phoria adaptation task for visit 2. For each of the two visits, group-level activation maps were derived using a one-sample *t*-test. For the group-level analyses, the datasets were corrected for multiple comparisons using whole-brain clusterwise family wise error (FWE) with a threshold of *p* \< 0.05 ([@bib23]).

Selection of regions of interest {#sec2-9}
--------------------------------

In addition to determining test--retest reliability of the phoria adaptation task, one goal of this study was to identify the ROIs during a phoria adaptation task to develop masks for future research. To this end, based on previous studies on vergence eye movements, the following neural substrates were identified as regions of interests: frontal eye fields (FEFs), parietal eye fields (PEFs), supplementary eye field (SEF), bilateral cuneus, cerebellar vermis, and the primary visual cortex ([@bib2]; [@bib3]; [@bib6]; [@bib34]; [@bib57]). Initially, an ROI mask composed of a 5-mm sphere was created, based on the MNI coordinates identified in our earlier study ([@bib57]). Then, the ROI mask was optimized by selecting the center coordinate as the pixel with the peak intraclass correlation coefficient (ICC) (see following section) value within each ROI and creating a 5-mm sphere around the pixel with the peak ICC. The ROIs were generated using MarsBaR for SPM and MATLAB ([@bib15]).

Reliability evaluation {#sec2-10}
----------------------

### Assessment of magnitude of functional activity {#sec2-10-1}

The intraclass correlation coefficient is an index designed to measure reliability. There are six variants of ICC dependent on the number of examiners and the number of samples acquired ([@bib74]). In the current study, one stimuli paradigm in one population group using one experimental setup and the same facility in visits on different days was examined. The ICC used to assess the repeatability of functional activity is described within [Equation 1](#equ1){ref-type="disp-formula"}: $$ICC\left( {1,1} \right) = \frac{MS_{B} - MS_{W}}{MS_{B} + \left( {k - 1} \right)MS_{W}}$$where *MS~B~* is the mean squared beta weight between participants, *MS~W~* is the mean squared beta weight within an individual participant, and *k* is the number of participants. Test--retest reliability is classified as poor (ICC = 0 to 0.4), fair (ICC = 0.4 to 0.55), good (ICC = 0.55 to 0.75), or excellent (ICC = 0.75 to 1.0) ([@bib30]; [@bib50]; [@bib51]; [@bib58]). The ICC values were calculated using the IPN toolbox to assess reliability in MATLAB ([@bib88]; [@bib89]).

### Assessment of spatial extent reliability {#sec2-10-2}

Prior research cautions that spatial extent measurements are very sensitive to motion artifacts ([@bib30]). Hence, a more stringent exclusion criterion for data inclusion was utilized. Specifically, only participants who had less than 1 mm mean movement across each session were included in the group-level analysis of the reliability of spatial extent. To assess the repeatability of spatial extent, the group-level activation maps were generated for a significant activation level of *p* \< 0.05 corrected for multiple comparisons for each visit using cluster-wise FWE described above. Each significantly active voxel was labeled with a binary one and the rest of the voxels as a binary zero. The reliability of spatial extent was assessed using a Boolean AND gate between the two group-level activation maps of the two sessions. The number of surviving voxels within the set of selected ROIs was counted.

Statistical analyses {#sec2-11}
--------------------

For all brain activation datasets, a *p* \< 0.05 corrected for multiple comparisons was performed with a cluster-wise FWE procedure ([@bib23]). For each visit and each ROI, the mean beta weights and peak beta weights were calculated. To assess test--retest reliability of the mean and peak activation within an ROI, a paired *t*-test was performed within each of the ROIs between visits. A paired *t*-test was performed for each ROI to assess potential significant differences in mean and peak activation between visits. The significance level for all paired *t*-tests was set at *p* \< 0.05 false discovery rate corrected for multiple comparisons.

Results {#sec3}
=======

Behavioral phoria adaptation measurements {#sec3-1}
-----------------------------------------

Because all participants within this study returned to their initial baseline phoria measurement after the 15-minute break, all behavioral phoria adaptation measurements were completed within a single session early in the day. The mean ± standard deviation (*SD*) values for all participants for the base-out phoria adaptation experiment that stimulated convergence or the near phoria adaptation for the magnitude and rate of the phoria adaptation were 4.3 ± 1.0∆ and 3.5 ± 1.5 ∆/min, respectively. For the far adaptation assessed using the base-in prism, the mean ± *SD* values for all participants for the magnitude and rate of phoria adaptation were 4.0 ± 1.2∆ and 2.7 ± 1.4 ∆/min, respectively. [Figure 2](#fig2){ref-type="fig"} shows the group-level phoria adaptation experiment results for the 6 base-in ([Figure 2](#fig2){ref-type="fig"}A) and 6 base-out ([Figure 2](#fig2){ref-type="fig"}B) group-level data plotting the average phoria level with 1 *SD* as a function of time for the 7-minute experiment. The solid line is the exponential fit of the behavioral data. The dashed line shows the amount of phoria adaptation that occurred at 90 seconds, which is the time used to adapt the phoria within the functional imaging experiment.

![Group-level behavioral phoria adaptation experiment using a 6 base-in prism (A) and 6 base-out prism (B) showing the mean ± *SD* (STDEV) of all participants. The exponential fit of the group is plotted in solid and the dashed line shows the amount of phoria adaptation after 90 seconds, which was the time used within the scanner for sustained fixation.](jovi-20-8-17-f002){#fig2}

Functional activity maps {#sec3-2}
------------------------

[Figure 3](#fig3){ref-type="fig"} illustrates the group-level results for 24 of the 29 participants who met the criteria for movement artifacts within the scanner. Five participants were not included in the group-level analysis because the absolute value of movement between time samples was 2 mm or more. The mean ± *SD* for the number of days between scans was 7.3 ± 9 days (range, 1--35 days), which was dependent on the availability of scanner time. [Figures 3](#fig3){ref-type="fig"}A and [3](#fig3){ref-type="fig"}B shows the group-level activation maps derived using the delta block from the GLM design file for visit 1 and visit 2, respectively. The exponential decay function revealed no significant activation results. A total of five axial slices were presented per visit showing the primary ROIs. The functional activity results were corrected for multiple comparisons using cluster-wise FWE with a significance level threshold fixed at *p* \< 0.05 (*t* \> 3.5). Significant functional activity was observed within the oculomotor vermis, primary visual cortex, and the left and right cuneus. [Supplementary Figures S1](#jovi-20-8-17_s001){ref-type="supplementary-material"} and [S2](#jovi-20-8-17_s002){ref-type="supplementary-material"} show additional axial brain slices.

![(A) Activation maps for visit 1, and (B) activation maps for visit 2. Oculomotor vermis, V1, and cuneus are significantly active areas. (C) ICC map thresholded at ICC \> 0.4, which is fair or better reliability. (D) Spatial extent overlap between visits with selected ROIs. The legend shows the 5-mm sphere for each of the following ROIs: frontal eye fields (FEF) in pink, parietal eye fields (PEF) in purple, vermis in red, cuneus in green, supplemental eye field (SEF) in magenta, and primary visual cortex (V1) in yellow. Slices are designated as I (inferior) or S (superior).](jovi-20-8-17-f003){#fig3}

Repeatability {#sec3-3}
-------------

### Voxel-wise ICCs {#sec3-3-1}

The voxel-wise ICCs were calculated and are shown in [Figure 3](#fig3){ref-type="fig"}C. Only ICC values of 0.4 or greater are shown, as depicted by the color scale, because those values fell within the fair, good, or excellent range ([@bib51]). The inferior portion of the oculomotor vermis can be observed within slice 27I. The repeatability of activity for the primary visual cortex is shown in slice 6S, and the cuneus can be observed within the posterior section of slice 20S. For both the primary visual cortex and the cuneus, several voxels reach ICC values from fair to excellent, especially with the right portion of cuneus. The parietal eye fields are located within the bilateral posterior portion shown in slices 48S and 52S, and those ICC values are categorized as fair. The frontal eye fields are bilaterally located within the anterior portion of slices 48S and 52S, where a few voxels have ICC values within the fair range. The supplementary eye field is located within the midline of the prefrontal cortex within slices 48S and 52S, and a few voxels are within fair range. [Table 2](#tbl2){ref-type="table"} lists the peak ICC value for each ROI with the MNI coordinates of the peak ICC value within each ROI. When the peak ICC had been identified, the center of the 5-mm sphere denoting an ROI was optimized to the MNI coordinates of the peak ICC, and the mean ICC for each ROI was calculated using the mean activation within each ROI per participant ([Table 2](#tbl2){ref-type="table"}).

###### 

Intraclass correlation coefficient. Reliability measure is shown within regions of interest. Shown are peak ICC values within selected ROIs and the coordinates of the maximum detected ICC values. Mean ICC was calculated after mean activation within each ROI for visits 1 and 2 independently. Coordinates correspond to the MNI atlas location of the highest ICC value within each ROI.

                                           MNI coordinates (mm) of location for peak ICC          
  -------------------------- ------ ------ ----------------------------------------------- ------ ------
  Left V1                     0.64   0.46  --14                                            --80   4
  Right V1                    0.78   0.63  6                                               --86   4
  Left cuneus                 0.60   0.46  --14                                            --78   14
  Right cuneus                0.70   0.57  10                                              --76   18
  Left parietal eye field     0.48   0.33  --26                                            --50   52
  Right parietal eye field    0.36   0.31  26                                              --48   52
  Left frontal eye field      0.53   0.40  --32                                            0      50
  Right frontal eye field     0.46   0.29  28                                              --6    48
  Supplementary eye field     0.62   0.50  --6                                             8      48
  Oculomotor vermis           0.28   0.09  --6                                             --82   --26

[Figure 3](#fig3){ref-type="fig"}D shows the repeatability of spatial extent between visits 1 and 2 and plots the functional activity observed from the group datasets during both visits. The legend shows the different ROIs in different colors, where each ROI is a 5-mm sphere centered around the peak ICC value tabulated in [Table 2](#tbl2){ref-type="table"}. The total number of surviving voxels in the map of repeatability of spatial extent for each of the following ROIs were 75 voxels within the primary right visual cortex, 16 voxels within the left primary visual cortex, 5 voxels within the right cuneus, 3 voxels within the left cuneus, and 3 voxels within the cerebellar vermis.

Consistency of beta weights between visits 1 and 2 {#sec3-4}
--------------------------------------------------

[Figure 4](#fig4){ref-type="fig"} shows the mean beta weight results for each ROI with box-and-whisker plots ([Figure 4](#fig4){ref-type="fig"}A) and the peak beta weights for each ROI ([Figure 4](#fig4){ref-type="fig"}B) for visit 1 (blue box) and visit 2 (red box). Outliers are shown as black circles in the same vertical axis of the box. The one-sample *t*-test showed significant activation with the GLM for the mean beta values for the following: left primary visual cortex during visit 1, *T*(23) = 3.91, and visit 2, *T*(23) = 3.14; right primary visual cortex during visit 1, *T*(23) = 4.8, and visit 2, *T*(23) = 5.46; left cuneus during visit 1, *T*(23) = 2.55, but not visit 2, *T*(23) = 1.9; right cuneus during visit 1, *T*(23) = 2.40, and visit 2, *T*(23) = 3.43; and oculomotor vermis during visit 1, *T*(23) = 3.24, and visit 2, *T*(23) = 2.84 (*p* \< 0.05 corrected for multiple comparison with false discovery rate). No other brain regions showed significant activity.

![Bar-and-whisker plot for the mean beta weight (4A) and peak beta weight (4B) for the designated ROIs from visit 1 (blue) and visit 2 (red).](jovi-20-8-17-f004){#fig4}

Discussion {#sec4}
==========

In this study of young adult participants with normal binocular vision, using a novel phoria adaptation paradigm, the results support the suggestion that the primary neural substrates activated within a phoria adaptation task are the oculomotor vermis and bilateral cuneus. Furthermore, the repeatability, also called the test--retest reliability of the testing protocol used, was fair for the oculomotor vermis and good for the cuneus using predetermined criterion established within the literature. This is important because this protocol can now be used as an outcome measure within future randomized clinical trials to investigate differences between control participants with normal binocular vision and those with binocular dysfunction, as well as to assess the underlying mechanism of various therapeutic interventions.

Oculomotor vermis {#sec4-1}
-----------------

Significant and repeatable functional activity was observed within the oculomotor vermis, specifically the vermal VI and VII regions. Electrophysiology studies on three rhesus macaque primates support the idea that, when the dorsal portion of the cerebellar vermis is lesioned, the ability to perform phoria adaptation is substantially diminished ([@bib79]). Patients with cerebellar vermis dysfunction and deficits are reported to have a decrease in phoria adaptation ([@bib45]; [@bib54]). To the best of our knowledge, this study is the first to conduct a detailed study on phoria adaptation using functional imaging on binocularly normal control participants. One prior functional imaging study on control participants studied the impact of prism adaptation on the accuracy of finger pointing and reported significant activation in the cerebellar vermis region ([@bib46]). Based on electrophysiology studies on primates, patients with cerebellar deficits, and a functional imagining study on finger pointing accuracy when viewed through a prism, several modalities of research support the concept that the cerebellar vermis is a neural substrate involved in the process of phoria adaptation.

Cuneus {#sec4-2}
------

Although not part of the initial hypothesis, the functional imaging results of the present study revealed significant and repeatable activity within the bilateral cuneus. Functional imaging studies using sustained visual attention tasks such as the symbol digit modality test ([@bib20]) and visual search testing ([@bib63]) support the idea that the cuneus is functionally active during sustained visual attention. Prior magnetoencephalography studies on humans revealed that the cuneus is responsible for sustained visual attention ([@bib81]). Several studies also support the suggestion that the cuneus is functionally active for the spatial awareness of the location of objects ([@bib29]; [@bib47]; [@bib60]). Together, these results suggest that phoria adaptation, which is a sustained visual attention task, does recruit the bilateral cuneus to modify the phoria adaptation system.

Visual cortex {#sec4-3}
-------------

The visual cortex was functionally active during the visual task presented here that alternated between near crossed and far uncrossed binocular stimulation. In studies comparing binocularly normal controls to patients with amblyopia, significant differences were observed between the groups, such that ambylopes had disturbances for the integration of binocular signals within the visual cortex ([@bib38]; [@bib39]). An extensive review summarizes the culmination of electrophysiology studies on animals and functional imaging on humans and suggests that binocular disparity is processed within the visual cortex ([@bib36]). In summary, these studies support the theory that the process of stereopsis does occur within the visual cortex and hence could explain the stimulus activation observed within the visual cortex from our results.

Frontoparietal network {#sec4-4}
----------------------

The visual task of sustained near crossed and far uncrossed fixation stimulated functional activity within the parietal, frontal, and supplementary eye fields. All of these regions have been reported to be active during vergence eye movements in humans using functional imaging ([@bib6]; [@bib34]; [@bib57]). The frontal, parietal, and supplementary eye fields are also stimulated during visual attention tasks specifically within the frontoparietal network from electrophysiology studies of primates ([@bib20]; [@bib80]; [@bib84]) and functional imaging on humans ([@bib7]; [@bib52]; [@bib53]). The frontal eye fields have also been reported to be modulated for disparity signals ([@bib20]; [@bib22]; [@bib26]; [@bib28]; [@bib62]). Collectively, prior research from electrophysiology and functional imaging studies support the suggestion that visual attention that is utilized within a phoria adaptation experiment stimulates the frontoparietal networks.

Clinical relevance {#sec4-5}
------------------

Previous clinical studies have demonstrated that phoria adaptation is reduced in patients with binocular dysfunction such as convergence insufficiency ([@bib12]; [@bib14]; [@bib33]; [@bib61]; [@bib72]; [@bib74]), exotropia ([@bib44]; [@bib87]), convergence excess esotropia ([@bib27]; [@bib85]), and decompensated heterophoria ([@bib65]). In addition, there is evidence that therapeutic interventions such as vision therapy ([@bib14]) or surgery ([@bib1]; [@bib27]) may lead to an improvement in phoria adaptation in some patients. Thus, both the assessment and treatment of phoria adaptation are important in the care of patients with binocular dysfunction. The results of this study using fMRI testing are important because they establish the underlying neural substrates that mediate phoria adaptation. Because this testing revealed significant functional activity within the brain and the results were repeatable, this measurement could be a valuable addition to future randomized clinical trials studying the treatment of patients with binocular dysfunction.

Study limitations and future directions {#sec4-6}
---------------------------------------

Although group-level analyses showed good repeatability from visit 1 to visit 2 for the primary ROIs, the spatial extent was not as consistent as the mean and peak beta weight within these ROIs. For this reason, caution should be exercised if spatial extent is to be used as an outcome measurement. The eye tracking during the scanning session was monocular. We can confirm that all participants did perform the task, but we cannot report the vergence angle during the scans, which is a study limitation. In addition, the optimal amount of time for phoria adaptation within the scanner is challenging to determine. A compromise must be found between limiting head motion by not having an experimental task be too long and allowing as much time as possible for the phoria adaptation. Because our results have good repeatability, we did stimulate phoria adaptation to provoke consistent functional activity while not having excessive head motion.

Future studies should investigate the difference in phoria adaptation in clinical populations with binocular dysfunctions compared to participants with normal binocular vision using fMRI as an outcome measure. In addition, this fMRI protocol could be a valuable outcome measure in future randomized clinical trials to assess therapeutic interventions for patients with binocular vision.

Conclusion {#sec5}
==========

This study establishes the neural substrates activated within a phoria adaptation task, and masks have been established to define ROIs within young adult participants with normal binocular vision. The experimental method and image processing described for phoria adaptation indicate that this protocol is repeatable within the oculomotor vermis and cuneus. Hence, the described protocol and analysis on phoria adaptation may be used as a potential outcome measure in future randomized clinical trials.
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